Geochemical processes and solute transport at the seawater/freshwater interface of a sandy aquifer
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Abstract
Geochemical processes occurring at a seawater/freshwater interface were studied in a shallow coastal siliclastic aquifer containing minor amounts of calcite. Data were collected from 106 piezometers in a 120-m transect from the coastline and landward. In the first 40 m from the coastline, a wedge of saltwater is intruding below the freshwater aquifer. The aquifer is strongly reduced with mineralization of organic matter by methanogenesis in the freshwater aquifer, and sulfate reduction dominating in the most seaward part of the saline aquifer. The spatial separation of cations in the aquifer indicated a slow freshening process where Ca2+ from freshwater displaced the marine cations Na+ and Mg2+ from the exchanger complex. The resulting loss of Ca2+ from solution decreases the saturation state for calcite and possibly causes calcite dissolution. A storm-flooding event was recorded where pulses of dense seawater sank through the fresh aquifer. As a result, the terminal electron accepting process switched from methanogenesis to sulfate reduction. The pulses of sinking seawater also triggered cation exchange reactions where Ca2+ was expelled from the exchanger by seawater Na+ and Mg2+. The released Ca2+ is being flushed from the aquifer by groundwater flow, and this export of Ca2+ will, in the long term, cause decalcification of the sediment. The water composition in the aquifer is in a transient state as the result of various processes that operate on different timescales. Oxidation of organic matter occurs continuously but at a rate decreasing on a geological time scale. The freshening of the aquifer operates on the timescale of a few years. The episodic flooding and sinking of seawater through the aquifer proceeds in the course of days to weeks, but occurs irregularly with years in between.
Introduction
The coastal aquifer contains the interface between the freshwater and seawater domains. At the interface, dense seawater with a high ionic strength meets lighter freshwater with a lower ionic strength. The processes at the seawater/freshwater interface are controlled by this contrast in physical and chemical properties and by perturbations of the system such as variations in sea level or changes in aquifer recharge. Physical processes at the seawater/freshwater interface have been studied extensively, with respect to flow and transport of miscible fluids of different densities (Bear 1972, Todd 1980, Reilly and Goodman 1985, Bear et al 1999). Much less attention has been given to the chemical processes. Often investigations have focused on the origin of the saltwater; is it infiltrating seawater or derived from sources such as deep brines and dissolution of evaporites (Howard and Lloyd 1983, Howard and Mullings 1996, Giménez and Morell 1997, Xue et al 2000, Schmerge 2001, Kim et al 2003). Studies of the seawater/freshwater interface have focused on ion exchange processes, and on using the resulting water composition as an indicator for changes in the seawater/freshwater interface position (Mercado 1985, Beekman 1991, Stuyfzand 1993, Appelo 1994, Appelo 1996).
Changes in the position of the seawater/freshwater interface trigger ion exchange-, redox-, and dissolution-precipitation reactions (Beekman 1991, Stuyfzand 1993, Appelo 1994, Appelo 1996). Beekman (1991) explained the evolution in water quality along a freshening flow path as a coupled effect of cation exchange, calcite dissolution, and organic matter degradation. The interaction of redox reactions with carbonate equilibria has in particular been studied by Edmunds and Walton 1983, Smart et al 1988, Bishop and Lloyd 1990, Stoessell et al 1993, and Cai et al. (2003). Only a few studies have examined the coupling between the flow and transport processes and the geochemical processes as they occur at the interface in a coastal aquifer (Whitaker and Smart 1997, Barker et al 1998, Carlyle et al 2004, Snyder et al 2004).
The objective of this paper is to describe the dynamics of flow and geochemical processes in a coastal aquifer subject to episodic seawater flooding. The paper presents the results of a detailed field study of the physical and geochemical processes in a seawater/freshwater transition zone within an unpolluted shallow siliclastic aquifer, containing traces of CaCO3. The field site is situated on a coastal meadow on the side of a small peninsula (called Skansehage) in the Isefjord at the northern part of Zealand, Denmark (Fig. 1).
Section snippets
Monitoring Well Installation and Sediment Coring
Piezometers were constructed from polyethylene pipes, equipped with 12-cm screens and a check valve just above the screen. The ball of the check valve could be removed for performing slugtests. The piezometers were installed using 2.125“ (OD) steel pipes, fitted with a disposable tip and driven into the ground by a Geoprobe 54 DT drilling rig. Intact sediment cores were obtained in a 1.2-m-long 43-mm ID polyvinylchloride liner using a piston coring system. The Geoprobe 54 DT rig was used to
Water Chemistry at the Seawater/Freshwater Interface
Table 1 presents the four main water compositions at the field site. The fresh groundwater is of low salinity and dominated by calcium and bicarbonate with a high content of methane. The saline groundwater resembles mean surface seawater of the bay, but has a lower pH and is depleted in sulfate and enriched in sulfide and alkalinity (Table 1). Water samples from the transition zone have intermediate salinity, show enrichment in sulfide and alkalinity, and have consistently higher pH values than 
Conclusions
The groundwater composition at the seawater/freshwater interface in a pristine coastal aquifer is controlled by the combined effects of ion exchange, calcite dissolution, sulfate reduction, and methanogenesis in combination with advective transport and mixing. There are intricate interactions between these chemical processes: organic matter forms the main ion exchanger, degradation of organic matter produces HCO3− or CO2 affecting CaCO3 equilibria, and the latter influences ion exchange
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